Abstract: In this paper, methods of fault location are discussed in electrical traction single-end direct power supply network systems. Based on the distributed parameter model of the system, the position of the short-circuit fault can be located with the aid of the current and voltage value at the measurement end of the electrical traction line. Furthermore, the influence of the transient resistance, the position of the locomotive, locomotive load for fault location are also discussed. MATLAB simulation tool is used for the simulation experiments. Simulation results are proved the effectiveness of the proposed algorithms.
Introduction
There is a great interest in precise fault location in electrical traction network systems, which plays an important role in the railway operation due to the consideration of safety, reliability, stability and economy [1, 2] . As for a special branch in power system, the characteristics of the power supply structure, operational mode and traction load in the traction system complicate the fault distance measurement transmission line is applied in [20] . Hence an accurate fault distance can be acquired via the voltage and current values at the measurement terminal. The proposed algorithms possess high accuracy and robustness, but would not be affected by the fault resistance component.
A lot of successful practical applications for fault distance measurement based on traveling wave theory in the power transmission system have been developed [17, [21] [22] [23] .The system parameters, the variation of system operation modes, asymmetric electrical lines and transformer variation error and other factors have little impact on the method of traveling wave. However, there are still many key questions to be solved, i.e., the determination of the traveling wave measurement pattern, the acquirement of the traveling wave signal, hybrid line and more-branch line.
During the procedure of fault analysis, the effect of the fault transient resistance can not be eliminated. Because of the centralized parameters of transmission line, neglecting the influence of distributed capacitor, could result in theoretical error in the fault distance calculation. Besides, the locomotive is a moving load, and it cannot be cut off from the operation immediately after the fault occurs. If this situation is omitted, the measurement error will be increased because of the effect of the fault transient resistance and locomotive current, and consequently the fault location estimation will fail.
Currently, in traction network system, the general used fault distance measurement method is impedance method, which can eliminate the influence of the fault transient resistance. However, the obtained fault distance from this method is only accurate under the condition of single-side power supply and without locomotive load. In this paper, methods for faut location in traction network system with single-phase short-circuit fault is proposed involving voltages and currents at the measurement terminal. The impact factors on the accuracy of fault distance location are also discussed, i.e., fault transient resistance, locomotive, system parameters. A series of simulation experiments have been implemented to test the accuracy and robustness of the proposed algorithms.
The remainder of the paper is organized as follows. Section II describes the algorithms for the calculation of fault position with and without the locomotive consideration under fault stable state condition. Simulation experiments are implemented to prove the effectiveness of the proposed algorithm in section III. Conclusions and future works are given in Section IV.
The Algorithms of Fault Distance Measurement

The Algorithm of Fault Location Calculation without Locomotive Consideration
A short-circuited fault traction system is shown in Figure 1 . The traction substation is equivalent to a power source E s with impedance Z s . The length of the traction line is l, m and n are the beginning point and terminal point of the traction line. f is the fault point, and the distance from the electrical substation to the fault position is l f .
Transmission line equation can be used to describe the energy transferring in the traction network system through contact network and track loop. The equivalent circuit model of the faulted traction network system (described in Figure 1 ) is shown in Figure 3 . The fault transient resistance at the fault point is R f . Generally, locomotive can be regarded as a direct current source (empty load is infinitive) or certain impedance Z t . In this part, locomotive is treated as a current source with infinitive impedance. Here, assume the electrical traction line parameters are uniformly distributed, where the per-unit-length resistance, inductance and capacitance are, i.e., R 0 , L 0 , C 0 , respectively. The ground inductance G 0 is ignored in this case. The values of the transmission line parameters are shown in Table 1 [24] . 
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Lumped Transmission Line Parameter Condition
The short-circuit fault model with single-ended power supply and lumped transmission line parameters is shown in Figure 2 . Z l is the line impedance, and x is the per-unit-length from the measurement m-point to the fault, x = l f l . The voltage at the measurement m-point is expressed as, Figure 2 . The faulted traction network system.
As the Equation (1) is a complex form, it can be derived into real part and imaginary part functions, therefore,
Multiply Equation (2a) by Re(İ m ) and Equation (2b) by Im(İ m ), and then subtract both side of the equations, it gives,
Based on the Equation (3), the fault location can be derived with the voltage and current at m-end measurement with the influence of fault resistance component R f .
Distribution Transmission Line Parameter Condition
The propagation constant γ and characteristic impedance Z c of the system parameters are,
At the occurrence of short-circuit ground fault, based on the superposition principle, the system is composed of pre-fault and fault additional status [20] , as shown in Figure 3 (a) and Figure 3 (b). As for the fault state variables, they can be obtained from the calculation from electrical measurements before and after the fault occurrence, thenU 
where cosh and sinh are the hyperbolic curve functions. The fault component at n-end can be expressed as,
Here, single substation power supply is applied.
It is an open circuit at n-terminal, hence,İ n = 0. Then the fault currentİ f can be derived from Equations (5) and (6),
Since the fault currentİ f is generated by the fault component, the post-fault currentİ f =İ f [see Figure 3 (a), 3(b) ]. Then the voltage at fault position after fault occurs can be described as:
Therefore, the equivalent impedance Z f at the fault point with Equations (7) and (8) is
where |C m | and C m are the modulus and conjugation of C m ; C m =İ m cosh γl −U m Zc sinh γl without fault distance l f . Generally, the short-circuit transient impedance Z f is a pure resistance, it has
where Im delegates the calculation of the imaginary part of the variable. From Equation (10), it can be seen that the equation has no relationship to the short-circuit fault transient resistance and system impedance considering the influence of system capacitor factors. With the knowledge of voltage and current at m position before and after the fault, the distance of the fault l f can be located by solving the above equation, together with the electrical line parameters. However, the direct solution from Equation (10) could bring a lot of calculating load. One way to solve this problem is to find the relationship between the fault distance and
, which is depicted in Figure 4 . Through the relationship curve, the fault point can be located. However, the accuracy of the calculated fault distance is dependent on the precision of the curve. Another way to solve the problem is to simplify the equation. From Equation (10), it has
where Re calculation is to get the real part of the variable. Let x = l − l f , then x ∈ [0, l]. Due to the small value of propagation coefficient γ and sufficiently short transmission line, the approximations are adopted,
Hence, the Equation (11) can be simplified as
And,
Put Equations (12) and (13) into Equation (11), it has
where
. Therefore, l f can be derived from Equations (10) and (14),
Therefore, Equation (15) is the calculation of fault location for traction network system. It can be demonstrated that the equation includes only the voltage and current at measurement point before and after the fault occurrence. The calculated fault distance l f derived from the equation will not be affected by the transient resistance R f , power source impedance Z s and fault occurrence angle and other factors.
Fault Distance Measurement with the Consideration of Locomotive
The equivalent model of the short-circuit fault of the traction system is shown in Figure 5 , t is the locomotive position and l t is the distance between locomotive and electrical substation. In this case, the fault voltage and current components at locomotive position [see Figure 5 (b)] and fault position can be described as,U
whereU f ,İ f 1 ,U t andİ t1 are the voltage and current values at fault position and locomotive position respectively. At the locomotive position, it hasİ
Put Equations (16c),(16d) and (17) into Equation (16a), and (16b), theṅ
The current at n-end is,
Since the circuit is open at n-end, therefore,İ n = 0, thenİ f is derived from Equation (19) , The current and voltage at the fault point in Figure 5 (b) and 5(c) have the same values, i.e., I f =İ f ,U f =U f . According to Equations (18) and (20),
Since the ground impedance is pure resistance, therefore, the imaginary part ofU ḟ I f is zero, then
Using the simplification of small value described in Section 2.1.2. and liberalization, then
and
After the same simplification during the calculation, the fault distance l f can be derived as,
where l f is the calculated fault distance, and
However, after a large amount of simulation experiments, it can be proved that the current value at locomotive point is quite small [shown in Equation (17)]. Therefore, the current at locomotive direction, I t can be ignored. In this case, the fault distance l f can still be calculated with Equation (15) . It also demonstrates that the position of locomotive has little impact on the fault point location. The proposed algorithms are tested by a series of simulation experiments.
The Algorithm of Fault Distance Measurement When Locomotive Is Regarded as a Constant Power Load
In this case, the locomotive is regarded as a constant power load. Figure 5 can still be used here for further analysis. Therefore, from Equation (17) at l t point it has,
where D = Ṗ U t is a constant. The power of the locomotive P is known and the position of locomotive is known as well. Put Equations (16c), (16d) and (25) into Equations (16a), (16b),
(26) Still since the circuit is an open circuit, then
Using the same deduction steps described in Section 2.1.2., and the characteristics of the fault resistance, it has,
The the calculation of fault distance l f is,
In this part, different algorithms of fault distance measurement are discussed under various conditions. Simulation experiments are implemented to discuss the accuracy of the proposed algorithms in different situations in the next section.
Simulation Results
The system described in Figure 1 is used for the following simulation experiments. Single-phase industrial-frequency AC power is supplied for the electrical traction system. Normally, the Electrical substation transform the 3-phase 110 kV high voltage into 27.5 kV voltage and assign the single-phase to each traction system. Therefore, in the experiments, the traction power sources E s = 27.5 kV with impedance Z s = 0.245 + j1.055. The traction line length l is 30 km. According to the transmission line parameters described in Table 1 , the traction line parameters are R 0 = 0.232 Ω /km, L 0 = 1.64 mH/km, C 0 = 10.5 nF/km. The sampling frequency is 200 kHz, and the voltage sampling data of the first cycle are used as the input. Then Equations (3), (15), (24) and (29) are used to solve fault distance l f , where the four fault distance estimation algorithms are delegated by M1, M2, M3 and M4 respectively.
The calculated fault distance can be evaluated through the comparison with the actual fault distance in the following equation,
where l f −calculated is the calculated fault distance from the developed algorithms and l f is the actual fault point in the system. Table 2 lists the results with three approaches: Reactance, Lumped parameter (M1) and Distributed parameter (M2) for fault distance calculation under various fault transient resistances and fault positions and zero load. It shows that the results derived from Reactance approach are the same as those derived from (M1). It is true since they share the same theory only with different calculation procedures. Compared the results from (M1) and (M2), the estimated fault distance from (M2) is more accurate since the transmission line characteristics are considered in the algorithms. Table 2 . The l f estimation with different fault transient resistance R f and Z t = ∞.
Fault distance measurement and results
Reactance
Lumped para (M1) Distributed para (M2) The influence of the locomotive Z t and fault transient resistance R f when the fault distance is calculated from (M3) are discussed. Tables 3-6 demonstrate that the accuracy of l f −calculated is related to the magnitude of R f , that is to say, the fault type. With the growing of the fault transient resistance, the fault distance algorithms (M3) could results in failure. However, the algorithm described in (M2) is not affected by the R f , since the locomotive is not considered. Although better fault distance calculation can be obtained from algorithm of M2 in ideal status, the effect of the locomotive in actual operational environment can not be omitted due to uncertain factors. In Table 7 , the fault distance is estimated when the locomotive is regarded as a constant power load. When the fault transient resistance is 0, the obtained fault distance from M4 is more accurate. However, if the fault transient resistance R f is increasing, the accuracy of the calculated fault distance will decrease gradually. It has to be noted that the simulation experimental results above are all obtained in ideal test environments. We have to admit there is no field experimented the paper due to test condition constraints. In actual fault distance measurement for electrical traction systems, there are many factors that could result in the failure of fault location detection, such as the fault transient resistance and the fluctuations in the electrical line parameters. If the correct fault position cannot be obtained via the current used fault location algorithm, other algorithms pre-programmed embedded in the measurement device can be used as alternatives to provide more estimation results so that at least one estimated fault position will close to the actual fault location. Besides, if more fault estimation algorithms are applied, different results could be used for the comparison to increase the precision of the estimated fault location. Therefore, to improve the accuracy of the fault position, other measurement methods should also be adopted, and the fault distance estimations should be compared considering the actual complicated operational environment.
Conclusions
In this paper, several algorithms of fault distance estimation are discussed based on the fault stable state characteristics in single-end direct power supply electrical traction system. The proposed algorithms in the paper are quite simple and can be easily applied. The fault distance can be deduced with the knowledge of voltages and currents at the measurement terminal of transmission line. Besides, compared to the traditional impedance method, the developed algorithms consider the factors of locomotive and fault transient resistance. Simulation results of the estimated fault distance location are quite accurate. However, measurement errors could inevitable happen when fault distance is estimated on the spot because of many uncontrollable factors such as worse weather conditions and wire aging. To improve the accuracy of the fault position, therefore, other measurement methods should be aided to compare the estimated fault distance considering the actual complicated operational environment.
